We developed a fast, integrative pipeline to identify cis natural antisense transcripts (cis-NATs) at genome scale. The pipeline mapped mRNAs and ESTs in UniGene to genome sequences in GoldenPath to find overlapping transcripts and combining information from coding sequence, poly(A) signal, poly(A) tail and splicing sites to deduce transcription orientation. We identified cisNATs in 10 eukaryotic species, including 7830 candidate sense-antisense (SA) genes in 3915 SA pairs in human. The abundance of SA genes is remarkably low in worm and does not seem to be caused by the prevalence of operons. Hundreds of SA pairs are conserved across different species, even maintaining the same overlapping patterns. The convergent SA class is prevalent in fly, worm and sea squirt, but not in human or mouse as reported previously. The percentage of SA genes among imprinted genes in human and mouse is 24-47%, a range between the two previous reports. There is significant shortage of SA genes on Chromosome X in human and mouse but not in fly or worm, supporting X-inactivation in mammals as a possible cause. SA genes are over-represented in the catalytic activities and basic metabolism functions. All candidate cis-NATs can be downloaded from http://nats.cbi.pku.edu.cn/download/.
INTRODUCTION
Natural Antisense Transcripts (NATs) are RNAs that are at least partially complementary to other endogenous RNAs.
They might be transcribed in cis from opposing DNA strands at the same genomic locus or in trans at separate loci (1) . NATs have already been found to function at several levels of eukaryotic gene regulation including translational regulation, alternative splicing, RNA stability, trafficking, genomic imprinting and X-inactivation (2) (3) (4) . Changes in antisense transcription have been implicated in pathogenesis, such as cancer (1) or neurological disease (5, 6) . However, the functional aspects of NATs are not yet well established and NATs in non-mammalian species are not well studied. Thus, the identification of NATs in different species is of great interest to evolutionary biology and medicine.
We focus on the identification and analysis of cis-NATs. The rapidly increasing amount of transcriptome and genome sequence data enable efficient in silico identification of cis-NATs through searching for sense-antisense (SA) gene pairs-exonic overlapping bi-directional transcripts (1, 7) . Some groups identified SA pairs from mRNAs (8) (9) (10) or predicted gene models (11) . mRNAs have reliable orientation information but the amount of such sequences is small, resulting in a small number of SA pairs identified, whereas predicted gene models can increase the coverage but some of the predictions may be unreliable, especially when there is no supporting transcript. Other efforts have turned to ESTs, which are available in much larger amount, and as a result, identified many more SA pairs. An important step in these efforts is the assignment of transcription orientation of ESTs. Chen et al. (12) used poly(A) signal and poly(A) tail to assign initial orientations and then used splicing sites as an additional filter whereas Yelin et al. (13) mainly collected the sequences that span introns. A more sophisticated combination of information from coding sequence, poly(A) signal, poly(A) tail and splicing sites may result in more accurate assignments of orientation. Furthermore, a fast pipeline is desirable to enable genome-wide identification of cis-NATs in multiple species and frequent update of the candidate datasets.
Previous efforts may also need to be improved and expanded in some other aspects. First, the classification of SA pairs most often included only convergent (overlapping 3 0 end) and divergent (overlapping 5 0 end) classes. This coarse classification is ambiguous for SA pairs with special genomic arrangements. Second, there exist conflicting conclusions in literature on features of SA genes. For example, earlier work reported convergent SA pairs to be more prevalent (9, 12, 13) and that SA genes have no function bias compared to other genes (13) , whereas a recent study found divergent SA pairs to be more prevalent and that SA genes are more frequently involved in catalytic activities (14) . Reik and Walter (15) estimated that 15% of imprinted genes are associated with antisense transcripts, but the Riken group recently increased the estimate to 81% (14) . Last but not the least, all previous efforts focused on either only one species or one lineage (e.g. human and mouse). For example, Chen (12) and Kiyosawa (16) reported SA pairs to be under-represented in X chromosomes in human and mouse. It remained unknown whether this conclusion holds true for other eukaryotes, such as fly and worm.
We designed and implemented a comprehensive pipeline to overcome the technical shortcomings and investigate, from a multiple species perspective, the conflicting conclusions from previous studies. This pipeline uses data in UniGene (17) and GoldenPath (18) to find overlapping transcripts. The genome mapping data in GoldenPath was used as a starting point to map the mRNAs and ESTs in UniGene to genomes and subsequently stringently filtered to ensure quality. This significantly speeded up the pipeline and as a result, enabled a rapid search of cis-NATs across multiple eukaryotic genomes. To increase coverage, we integrated the sources of information used in previous work (12, 13) including sequence type (mRNA or EST), coding sequence, poly(A) signal, poly(A) tail and splicing sites to deduce the transcription orientation of mRNAs and ESTs. We applied the pipeline to identify cis-NATs in 10 eukaryotic species including human, mouse, fly, worm, sea squirt, chicken, rat, frog, zebrafish and cow and generated the most comprehensive multiple-genome candidate cis-NAT datasets to date ranging from invertebrate to vertebrate. We identified 7830 SA genes in human (26% of all human genes) in 3915 SA pairs, including about 1000 novel SA pairs not reported in previous publications. The abundance of SA genes is remarkably low in worm (540 or 2.8% of all worm genes), even compared to simpler eukaryotes, such as yeast (11%) and Plasmodium falciparum (12%) (19, 20) . It does not appear to be caused by the prevalence of operons in the worm genome.
Given such a significantly enlarged dataset across multiple species, we found hundreds of SA pairs that were conserved in two or more species, many of which maintained the same overlapping pattern. Such a dataset also sheds light on some of the conflicting or incomplete conclusions in previous reports. We divided these SA pairs into six classes by expanding existing classification schemes (9, 21) to better reflect the precise genomic arrangement of SA pairs. We found that the convergent class (overlapping 3 0 ) is prevalent in fly, worm and sea squirt, but not in human or mouse. The percentage of SA genes among imprinted genes in human and mouse is 24-47%, depending on the imprinted gene sets used, a range between the two extremes in previous studies. The abundance of SA genes on the X-chromosome in fly or worm is found to be similar to that on some of their autosomes, as opposed to the significantly lower abundance of SA genes observed on the X chromosomes in human and mouse. This supports, with data from both vertebrate and invertebrate organisms, previous hypothesis of X-inactivation in mammals being a possible cause (16) . Gene Ontology (GO, (22) ) and KEGG pathway analysis (23) suggested that SA genes are over-represented in the catalytic activity and basic metabolism functional categories in human, mouse and fly.
MATERIALS AND METHODS

Identification of cis-NATs
We identified cis-NATs by searching for SA gene pairs represented by transcripts (mRNAs or ESTs) in opposite directions at the same genomic locus with >20 nt overlap in exonic regions, a definition similar to that used by Chen et al. (12) and Yelin et al. (13) . mRNA and EST sequences for the 10 species were downloaded from UniGene of June, 2005 (Supplementary Table S1 ). We mapped them to their respective genomic sequences using the raw BLAT (24) mapping data in GoldenPath as a starting point and then performed the following stringent post-processing to ensure quality: (i) Only BLAT alignments with nucleotide identity >96% and length coverage >90% were used. (ii) When an mRNA or EST was aligned to multiple loci, only the locus with the highest number of splice sites and highest BLAT score (number of matches minus number of mismatches and inserts) was selected to avoid possible mapping to a processed pseudogene (13) . (iii) If two exonic regions are separated by an extremely small number of nucleotides (nt) (<6 nt in case of EST mapping or <9 nt in case of mRNA mapping), it is likely an artifact caused by a known limitation of BLAT to mistakenly break exons. We merged the whole region (from the start of the preceding exon to the end of the next one) into one exon, a strategy also used in GoldenPath's own post-processing. (iv) Small terminal exons (<11 nt) are likely wrong sequences due to the decreased sequencing quality at the end of a read and were discarded. (v) Extremely large introns are likely a result of mis-alignment and were discarded. Some studies have indicated that intron length increases with species complexity (25) . So we used the maximum intron length in FlyBase (26)-150 kb-for nonvertebrates and the maximum intron length in Ensembl's Human dataset (27)-200 kb-for vertebrates as the intron length cut-off. It is possible that the above set of stringent post-processing criteria may mistakenly discard a small amount of good mapping data. However, such quality control is important to ensure the reliability of the results.
The next step is to assign reliable orientation to the transcripts. Careful examination indicated that 10-20% of EST sequences in UniGene have the wrong orientation. To resolve their transcription orientation, we used poly(A) tail, poly(A) signal, and standard splicing acceptor and donor sites 'GT-AG' as three evidences (13) . We adopted Chen et al.'s (12) definition of poly(A) tail and poly(A) signal. Specifically, poly(A) tail was defined as a stretch of at least 10 As at 3 0 end of a sequence and Poly(A) signal was defined as hexanucleotide 'AATAAA', 'ATTAAA', 'AATTAA', 'AATAAT', 'CATAAA' or 'AGTAAA' within the last 50 bp of 3 0 end of a sequence after the poly(A) tail was trimmed. Information of splicing sites was imported from GoldenPath tables 'intronOrientation' and 'estOrientInfo', which were generated by the polyInfo program (http://www.soe.ucsc.edu/~kent/src/ unzipped/hg/geneBounds/polyInfo/). For each EST sequence we searched for these features in both the original sequence and its reverse complement. We selected the orientation that satisfies one of the following criteria: (i) the correct orientation should have a higher number of splice sites than the opposite orientation AND the opposite orientation should not have both poly(A) signal and poly(A) tail, or (ii) if both orientations have an equal number of splice sites, the correct orientation is the one that has both poly(A) signal and poly(A) tail to support it. ESTs that do not meet either of the two criteria (because of conflicting evidence or lack of enough evidence) were discarded. The quality of mRNA sequences is much higher than that of ESTs, so we use an mRNA's original orientation as long as it has one of the following evidences: CDS, poly(A) signal, poly(A) tail or standard splicing site 'GT-AG'. Our strategy integrates evidences used in previous strategies and is able to assign reliable orientation to more transcripts (12, 13) .
With the set of mRNAs and ESTs that were reliably mapped to the genome and reliably oriented, we assembled them into overlapping clusters. Transcripts were considered 'overlapping' if they overlap for >20 nt on the genome (13, 16) . A genomic locus may be mapped by only a single transcript in an orientation, in which case it is even more important to ensure the quality of the transcript. Such a singleton is retained only if the transcript is supported by splicing site and either poly(A) signal or poly(A) tail.
We divided all the clusters into three types (12) : SA clusters are those containing transcripts orienting in both directions and overlapping >20 nt at the exonic region; the remaining bi-directional clusters are called non-exonoverlapping bi-directional (NOB) clusters; clusters with transcripts all going in one direction are called non-bi-directional (NBD) clusters.
We selected one pair of sequences to represent each SA or NOB cluster and one sequence to represent each NBD cluster. We extended previously published strategies (12, 16) and selected transcript with the highest sequence and annotation quality as the representative, favoring Entrez Genes sequences over RefSeq sequences over mRNAs with CDS, and for the remaining sequences (mostly ESTs) favoring sequences with more splice sites and longer overlap (or longer transcript length for NBD clusters).
Using the SA pairs in multiple species, we identified those that are conserved between different species with a strategy extended from that by Chen et al. (28) . Representative SA genes were mapped to HomoloGene (29) of June, 2005, a database that groups homologous sequences across different species. HomoloGene entries containing multiple genes from the same species were discarded to ensure one-to-one or orthologous mapping. We first identified SA pairs in two genomes that are mapped to the same pair of HomoloGene entries. These SA pairs were considered conserved between the two species. Then, for SA pairs with only one of the representative genes in two genomes mapped to the same HomoloGene entry, we calculated the similarity of the partner representative genes in the two genomes using pair-wise Blastn. If the partner representative genes share enough similarity on their original strand (Blastn E-value <10 À10 , identity >80%, alignment length >100 nt), we considered this SA pair to be conserved between the two species. Finally, for SA pairs not mapped to HomoloGene entries at all, we calculated the similarities of both representative genes between the two genomes. An SA pair was considered conserved if both representative genes were considered similar between the two genomes by the above Blastn criteria.
Classification and analysis of SA gene pairs
We combined the classification schemas by Lehner (9) To study the association between cis-NATs and imprinted genes, we collected 65 human imprinted genes and 71 mouse imprinted genes from the December 2005 release of the Imprinted Gene Catalogue (http://igc.otago.ac.nz/home. html), a dataset curated from literature (31) . Two other sources of imprinted genes exist for mouse and were also included in our analysis. One contains 2114 imprinted genes discovered from differential expression profiling of parthenogenote and androgenote mouse embryos (32) , and the other contains 600 putative mouse imprinted genes in the Ensembl database predicted by sequence features extracted from known imprinted genes (33) . We mapped the human and mouse SA genes to imprinted genes by their accession numbers. We then examined the abundance of SA genes among imprinted genes.
In order to study whether SA genes are enriched in any particular functional categories or pathways, we compared them to all the representative transcripts in all the clusters as background. We did this for human, mouse, fly and worm, which have the largest amount of data available. First, we parsed GO annotations for the transcripts based on Entrez Gene database released on June, 2005 and identified statistically enriched GO functional categories using TermFinder (34) . Then, we used the KOBAS software (35) to assign the transcripts to metabolic pathways based on sequence similarity to sequences with known KEGG pathways released on October, 2005 (23) and find statistically enriched pathways among the SA genes.
RESULTS
Candidate cis-NATs
We applied our identification pipeline (summarized in Supplementary Figure S1 ) to the 10 eukaryotic species and obtained the largest multi-species candidate dataset to date (Table 1, Supplementary Table S1 ). Many recently characterized SA genes are contained in our result, such as CHRNA3/CHRNA5 (36) and BDNF/BDNFOS (37) . Because the amount of available mRNA and EST data for chicken, rat, frog, zebrafish and cow is small compared to their large genome size, their sets of candidate cis-NATs are likely to be incomplete, so the total number of cis-NATs or the percentage within genomes for these species will likely change when more data become available in the future. However, the candidate cis-NATs identified are reliable and to our knowledge no similar dataset exists to date for these species. For human, mouse, fly, worm and sea squirt there is a large amount of mRNA and EST sequences available, and thus the results should be meaningful. All candidate cis-NATs are freely available for download from our web site at http://nats.cbi.pku.edu.cn/download. Dataset of identified NOB clusters is also available for download due to their potential importance in regulation of pre-mRNA processing and possible pathological associations (38, 39) .
Strikingly, the percentage of SA genes identified in worm is remarkably low (2.8%), even when compared to that in simpler eukaryotes, such as yeast (11%) and malaria (12%) (19, 20) . In addition, even when predicted gene models are used and there is no restriction on the minimum length of overlap, the percentage of bi-directional overlapping genes in worm is only 5% (11) . One possible explanation is that the wide-spread operons in the worm genome (40) might exclude cis-NATs, as pairing of the antisense transcript to the sense pre-mRNA might disrupt transcription of the whole operon. To test this hypothesis, we downloaded the operon annotations from WormBase (41) , and examined the abundance of SA genes in the operon versus non-operon genes. For comparison, we also examined the abundance of SA genes in fly which also has operons (42) . For both species, the abundance of SA genes is comparable in operon versus non-operon regions (c 2 P-value > 0.05). The abundance of genes from NOB clusters is also comparable in operon versus non-operon regions (c 2 P-value > 0.05). Therefore, operon structure cannot fully explain the overall low abundance of cis-NATs in worm. One paper reported a large number of antisense transcripts detected by SAGE profiling from mitochondria in worm (43) but not in P.falciparum (20) or any other eukaryotes studied to date. The low abundance of antisense transcripts in the nucleic genome and the high abundance in the mitochondria genome might be an interesting subject for further study.
In addition to SA gene pairs, we have identified hundreds of triplets of overlapping genes; triplets were reported previously by Veeramachaneni et al. (44) . We also identified dozens of quadruplets. One example is shown in Figure 2 , which consists of four distinct genes (AUP1, PRSS25, LOXL3 and DOK1) overlapping in a head-head, tail-tail and head-head manner, respectively. Triplet and quadruplet loci indicate the complexity of gene structure.
Conserved SA pairs
The number of SA pairs with both representative genes mapped to HomoloGene is 520 in human, 480 in mouse, 25 in rat and 427 in fly. Among them, 155 human SA pairs also overlap in mouse, 129 of which maintain the same overlapping pattern (120 convergent pairs, eight divergent pairs, and one intronic pair). The predominance of the convergent class among SA pairs conserved between human and mouse is consistent with a recent report (45) . This discrepancy might indicate importance of 3 0 -untranslated region (3 0 -UTR), which enrich regulatory elements possibly involved in antisense regulation. We further identified nine SA pairs that are conserved in human, mouse and rat (Table 2 ). Only two of them, THRA/NR1D1 and MKRN2/RAF1, were previously characterized (46, 47) .
The number of SA pairs with only one representative gene mapped to HomoloGene is 2475 in human, 1762 in mouse, 209 in rat, 413 in fly, 69 in worm and 196 in chicken. Among them, using the similarity criteria described in Materials and Methods, we found another 158 human SA pairs to be conserved in mouse, 120 of which maintain the same overlapping pattern. More interestingly, 18 human SA pairs, 10 mouse SA pairs and 4 rat SA pairs are also conserved in chicken (Table 3) . Three SA pairs, MSH6/ FBXO11, POLR2B/IGFBP7 and RBM13/C8orf41 occur in all four vertebrate species and maintain the same overlapping pattern ('Convergent').
Among SA pairs not mapped to HomoloGene at all we used the similarity criteria to identify more conserved SA pairs between human, mouse and rat. In addition, we identified eight human SA pairs, four mouse SA pairs and one rat SA pair that are conserved also in frog (Table 4 ). 'Number of SA genes' is equal to 2* 'Number of SA clusters'. b 'Abundance of SA genes' is equal to 2* 'Number of SA clusters' / (2* 'Number of SA clusters' + 2* 'Number of NOB clusters' + 'Number of NBD clusters'). The numbers and other details of NOB and NBD clusters are listed in Supplementary Table S1. c 'Number of usable transcripts' is the total number of orientation-reliable mRNAs and ESTs that can be mapped to genome sequences. For the last five species this number is too low compared to the genome size, indicating that the 'Abundance of SA genes' for these species is likely to change with additional data. For the other five species this number might be enough to give a relatively good estimate of 'Abundance of SA genes'. d 'Properties of usable transcripts' uses cumulative bar charts to show the percentage of SA clusters in which both (blue), only one (dark red) and none (light yellow) of the forward and backward orientations consists of at least one mRNA sequence ('mRNA'), coding sequence ('CDS'), and intron-spanning sequence ('Splice site'), respectively. CDS information is directly retrieved from UniGene annotation.
One mouse SA pair, GNL2/DNALI1, is even conserved in zebrafish.
Using a similar strategy, we identified dozens of interspecies conserved NOB pairs. The complete list is also available on our website. Figure 3 shows the abundance of different classes of SA pairs in 10 species. The exact percentages are listed in Supplementary Table 1E . Results for the last five species need to be taken with caution due to the relatively small amount of available EST data. Results for the first five species should be more reliable. Several previous studies (9,13,21) reported convergent (tail-tail) pairs to be the predominant class of cis-NATs. We found that convergent SA pairs are predominant in fly, worm and sea squirt, but not in human and mouse. This is consistent with a recent study (14) but different from earlier studies (9, 13, 21) . Two factors might have contributed to the previously over-estimated convergent cis-NATs. First, some previous studies choose the longest overlapping transcripts without considering transcript quality to be the representative transcripts. This allows more EST Human  NM_181706  ZCSL3  NM_144981  FLJ25059  BC073964  PHC1  NM_002355  M6PR  AL832339  MGC50559  NM_207337  LOC196394  NM_024549  FLJ21127  NM_032369  MGC15619  NM_205850  SLC24A5  NM_016132  MYEF2  NM_024419  PGS1  NM_003727  DNAH17  NM_012249  RHOQ  NM_002643  PIGF  NM_000179  MSH6  NM_025133  FBXO11  NM_030582  COL18A1  AB209069  SLC19A1  BC042384  N/A  NM_005965  MYLK  NM_000938  POLR2B  NM_001553  IGFBP7  NM_016067  MRPS18C  NM_139076  FLJ13614  NM_002006  FGF2  NM_007083  NUDT6  NM_152683  FLJ33167  NM_024629  MLF1IP  NM_032509  RBM13  NM_025115  FLJ23263  BE349850  N/A  NM_000349  STAR  BC063847  INVS  NM_017746  TEX10  NM_153710  C9orf96  NM_020385 NM_001001787  ATP1B1  NM_013330  NME7  NM_024854  FLJ22028  NM_002907  RECQL  NM_001005407  CACNA1H  NM_012467  TPSG1  NM_173618  FLJ90652  NM_003586  DOC2A  NM_003250  THRA  NM_021724  NR1D1  NM_032332  MGC4238  NM_001930  DHPS  NM_014160  MKRN2  NM_002880  RAF1  NM_018295  FLJ11000  NM_024033  MGC5242  NM_032509  RBM13  NM_025115  FLJ23263 SA pairs conserved in different species. The 'accession number' and 'gene_name' are from the RefSeq database and Entrez Gene database, respectively. sequences with 3 0 bias to be the representative pair (48) , which are more likely to have tail-tail overlap. Second, the classification systems used in earlier studies are not as fine and complete, which might give rise to ambiguities.
Abundance of different classes of SA pairs
Imprinted genes with antisense transcription
Cis-NATs have been implicated as an important regulatory mechanism for imprinting (49) . We examined the relative abundance of SA genes among human and mouse imprinted genes. A total of 47% of the human imprinted genes in the IGC database are SA genes, 16% are NOB genes and 37% are NBD genes. In the three mouse imprinted gene datasets, the percentage of SA genes ranges from 24% (based on the predicted dataset in Ensembl) to 37% (based on the IGC dataset) (Figure 4, Supplementary Table S2 ). In all of these cases, imprinted genes are statistically significantly enriched (c 2 test P-value < 0.01) in SA genes. Such a significant correlation might exemplify cis-NATs' roles in genomic imprinting and allelic-specific expression.
Reik and Walter (15) estimated that 15% of imprinted genes are associated with antisense transcripts, whereas the Riken group recently updated this estimate to 81% (14) . Our results lie between the two reports. One reason that could have caused the vast differences among the previous results is that the Riken group included both SA and NOB genes as antisense transcripts in their calculation. In our results the percentage of mouse imprinted genes that are SA or NOB genes increases to between 33% and 44%, depending on the imprinted gene dataset used. These numbers still lie between the two extremes of the previous two results. The remaining difference can partly be explained by the different SA datasets used in the different studies or by an observation bias. Fahey et al. (8) suggested that recent efforts to find imprinted genes have focused specifically on antisense transcripts, so overly high percentages might be biased.
X-chromosomal distribution
We studied the distribution of SA genes on chromosomes in human, mouse, fly and worm. By studying and comparing these four species, we tested the hypothesis by Kiyosawa et al. (12, 16) that cis-NAT genes may be excluded on the X-chromosome in mammalian genomes that have Xinactivation mechanism. Our results show that in both human and mouse, SA loci are significantly less prevalent on X-chromosome than on any autosome (c 2 test P-value < 10 À5 , Figure 5 , Supplementary Figure S2 and Supplementary  Table S3 ), a finding consistent with previous reports (12, 16) . On the contrary, we found that in fly, the abundance of SA loci on the X-chromosome is similar to that on Chromosome 3L and even higher than that on Chromosome 4; in worm, the abundance of SA loci on the X-chromosome is similar to all autosomes except chromosome I (Supplementary Figure S2 and Supplementary Table S3 ). While mammals regulate X-chromosome gene expression by shutting off one Xchromosome (a.k.a. X-inactivation), fly and worm do it by adjusting the expression levels on X chromosome instead. Our results supported the hypothesis by Kiyosawa et al. from a multiple-genome perspective.
Functional bias of cis-NATs
We mapped all SA genes in human, mouse, fly and worm to GO functional categories and identified statistically significantly enriched ones using TermFinder (34) . Although, some functional categories are enriched in some but not all species, which might represent lineage-specific SA gene Percentage of mouse imprinted gene that belong to SA, NOB and NBD clusters, respectively Three datasets of mouse imprinted genes were used, including the imprinted gene catalogue which was curated from literature (IGC), putative imprinted genes in the Ensembl database (Ensembl), and imprinted genes discovered from differential expression profiling of parthenogenote and androgenote mouse embryos (FANTOM2). SA genes are statistically significantly enriched (c 2 test P-value < 0.01) in imprinted genes compared to the NBD dataset.
functions (50) , there is remarkable consistency among human, mouse and fly. (No statistically significant GO category was detected in worm SA genes due to insufficient known GO assignments). In particular, we found SA genes to be significantly enriched in GO functional categories 'Catalytic Activity', 'Metabolism', and 'Cell Organization and Biogenesis' (Supplementary Table S4 ). This is consistent with a recent finding (14) but different from earlier findings (9, 12, 13, 51) . This discrepancy may be partly due to recent expansion and refinement of GO.
We identified statistically enriched pathways in SA genes using KOBAS (35) (Supplementary Table S5 ). SA genes are found to be enriched in metabolism-related pathways, a finding coinciding well with the enriched GO functional categories. The SA genes are enriched in the 'Tight junction', 'Adhesion junction' and 'Regulation of actin cytoskeleton' pathways, which are related to enriched GO functional categories 'Cell organization' and 'Cytoskeleton'. We also found the 'Circadian rhythm', 'Hedgehog signaling' and 'Dorsoventral axis formation' pathways to be enriched. SA genes have been reported to participate in each of these pathways by individual experimental studies (52) (53) (54) . Their significance was validated here by our statistical analysis.
Recently, Ma et al. (55) analyzed the functional distribution of hundreds of antisense transcripts in maize using GO. The high-level functional categories they detected, such as 'Metabolism', and 'Cell Organization and Biogenesis' agree with our results. Thus some functional bias of SA genes appear to be consistent from plant to animal.
DISCUSSION
The previous largest mRNA/EST-based dataset of SA pairs in human was reported by Chen et al. (12) who identified 2940 candidate SA pairs from UniGene. We identified a larger set of 3915 SA pairs in human. To ensure that the increase was not simply due to the availability of more mRNA and EST sequences, we simulated the input dataset used by Chen et al. by using only sequences submitted to GenBank before December 31, 2003 (the UniGene version used by Chen et al. was released on March, 2004). Our new pipeline still identified 3683 SA pairs in the simulated input dataset. Thus the coverage of our pipeline is higher than previous ones regardless of the input dataset. To ensure quality of our candidate dataset we tested it on the experimentally verified dataset by Chen et al. They had tested 25 loci in their candidate SA pair dataset using strand-specific RT-PCR and were able to verify 23 loci (12) . Our dataset includes 24 of the 25 loci tested and 22 of the 23 loci verified. As this test dataset was relatively small, we used another experimentally tested SA candidate dataset that was reported by Yelin et al. (13) . They tested 275 loci using microarray and were able to verify 115. Our dataset included 200 of the 275 loci tested and 86 of the 115 loci verified. Thus the quality (22/ 24 or 86/200) of our candidate SA dataset is comparable to previous studies.
Our dataset covers 82% of the human SA genes in Chen et al. and 74% of those in Yelin et al. We investigated why some of those SA genes reported by Chen et al. (12) and Yelin et al. (13) were not covered by our dataset. The detailed reasons are listed in Supplementary Table S6 and fall within three categories: the new versions of UniGene and the human genome sequence are different from those used in previous studies; some transcripts cannot pass our stringent quality control for alignment and orientation; and some SA genes in the previous datasets now appear in our NOB or NBD clusters because they no longer overlap with their partner transcripts or their partners were filtered out. There are cases where the quality control filter in our pipeline mistakenly removed good transcripts. For example manual inspection discovered that few genes that were removed because they had intron >200 kb in length were in fact authentic. There is a tradeoff between coverage and quality. Overall, most of the transcripts were filtered out for a reasonable cause in order to keep only high-quality transcripts.
Most cis-NAT studies use either BLAT or SIM4 (56) to map mRNAs and ESTs to the genome sequences. We compared BLAT and ESTmapper (an updated version of SIM4) (57) by using them to map all human EST sequences in UniGene to the human genome, and found BLAT and ESTmapper to give comparable results with regard to orientation inference, resulting in 96% identical transcription orientation. GoldenPath provides for download the BLAT mapping data for 32 species and this number continues to increase. Using the available BLAT mapping data in GoldPath as a starting point and applying stringent filters to remove unreliable mapping, we were able to increase the speed of our pipeline significantly, enabling faster scan of multiple whole genomes as well as more frequent update of the candidate SA datasets.
Information of splicing sites used in our pipeline was generated by the polyInfo program, which considered only canonical splicing sites, 'GT-AG'. Although other splicing sites do occur, 'GT-AG' accounts for about 99% of all splicing junctions (58) and non-canonical splicing sites are more likely to be unreliable (59, 60) . Moreover, due to the integrative nature of our pipeline, transcripts with non-canonical splicing junctions were often assigned the orientation by other evidences, such as mRNA, CDS, poly(A) signal or poly(A) tail. One such example is shown in Supplementary  Figure S3 .
We used the combination of poly(A) signal and poly(A) tail [a strategy also used by Chen et al. (12) ] rather than either of them alone as evidence to determine or contradict an orientation as their short sequences might appear at random in large genomes, especially poly(A) signals, which are variable (61, 62) . The probability of one of the six poly(A) signal motifs occurring in a 6mer is in the order of 6 * (1/4) 6 , roughly two in a 1000 bp genomic sequence. Although this is a rough estimation, it indicates how widespread the poly(A) signal motifs can be in large genomes and thus observing poly(A) signal alone is not meaningful evidence to determine or contradict an orientation. Poly(A) tail is less likely to occur at random [in the order of (1/4) 10 for a 10mer] and some previous efforts used poly(A) tail as an independent evidence for transcript orientation (13, 59 ). In our human dataset, among all 1 928 285 ESTs whose orientation was determined by splicing sites (Criteria a in 'Identification of cis-NATs' in Materials and Methods), only 1981 (0.1%) had poly(A) tail on the opposite strand. Among all 161 487 ESTs whose orientation was determined by the co-occurrence of poly(A) signal and poly(A) tail (Criteria b), only 237 (0.1%) had poly(A) tail on the opposite strand. Even if we consider poly(A) signals, only 2.7% of the oriented ESTs have either poly(A) signal or poly(A) tail on the opposite strand. If we used only the most reliable poly(A) signals AATAAA and ATTAAA, this percentage would further decrease to 1.6%. Among ESTs contained in our SA clusters, the percentages were highly similar-0.1% of ESTs oriented with splicing sites had poly(A) tail on the opposite strand and 0.2% ESTs oriented with poly(A) signal and poly(A) tail had poly(A) tail on the opposite strand. In addition, in almost all the above cases there existed other sequences to support the orientation determined, for our pipeline had excluded singletons lacking two independent evidences. Thus the accuracy of the transcript orientation determined by our pipeline should be high.
One limitation of our pipeline is that we define transcript clusters by genomic overlaps, a strategy also used in several previous efforts (12, 13) . Although this approach helps to remove redundant ESTs, it runs the risk of mistakenly clustering multiple functionally unrelated components together. Other studies have clustered only transcriptional isoforms from the same genetic loci in the same orientation together, then identified cis-NATs by finding overlapping clusters on opposite strands (14, 63) . However, this approach is still not free of drawing function-unrelated genes together (31) , and is more appropriate for high-quality full-length cDNA but not EST sequences.
With the enlarged candidate SA datasets in human, mouse and fly, and the new datasets in worm and six other species, we were able to shed light on some of the conflicting conclusions in previous reports, such as abundance of the divergent SA class and the functional bias of SA genes. Furthermore, applying the uniform identification pipeline to both vertebrate (human and mouse) and invertebrate (fly and worm) provides new information for the correlation between cis-NATs and X-inactivation proposed by Kiyosawa (16) . Additionally, comparison across multiple species also enabled us to find a large number of conserved SA pairs, many of which ($80%) even maintain the same overlapping pattern. Some SA pairs were conserved between non-mammalian and mammalian vertebrates. Such an ancient origin and the conservation of the overlapping pattern of the sense and antisense transcripts suggest that these SA pairs may have important functional roles in vivo and may be interesting candidates for experimental studies. It is important to note that even this enlarged dataset of conserved SA pairs is still far from complete for two reasons. First, many SA pairs are not yet discovered in species with insufficient mRNA/EST data; second, the HomoloGene database and our similarity criteria cannot cover all homologous genes.
Based on their overlapping pattern, we divided the SA pairs into six classes, pooling together classes previously suggested to have functional significance. Pioneering study by Lehner (9) grouped SA pairs into four groups: 'Convergent', 'Divergent', 'Contained' and 'Intronic'. 'Convergent' SA pairs tend to be associated with regulatory elements in 3 0 -UTR, which might affect mRNA stability (1); 'Divergent' SA pairs might indicate co-regulated overlapping promoters (30) ; 'Contained' and 'Intronic' antisense transcripts have been suggested to regulate splicing of the sense pre-mRNAs (9). The 'Complete' class was proposed later due to its special genomic arrangement and high abundance (14, 30) . As a gene starts upstream and ends downstream of the other gene on the opposite strand, the former may be complementary to the promoter region of the latter and therefore had been suggested to inhibit the latter's transcription initiation (64, 65) . Finally, the 'Other' class was proposed for those SA pairs that were 'difficult to classify' (21) . As the six classes of SA genes appear to have different functional implications, we chose such a detailed classification schema.
New technologies, such as genome tiling array or highdensity array have indicated that the abundance of antisense transcripts in human and mouse may be much higher (14, 66) . These arrays can provide a high-level profile of possible SA loci. Although tremendously valuable, these possible loci, marked by short probes 25-60 nt in length, still need to be supported by transcript sequences to be useful. In addition, because of the high cost of genome tiling array and highdensity array, they are available for only limited number of species and publicly available data are rare. On the contrary EST/mRNA data are the most abundant source of transcriptome data for many species. Thus we believe that EST/ mRNA-based cis-NAT identification will continue to be useful, especially when it can be integrated with array data-a next step in our research. As more data from more sources become available, we will continue to update the cis-NAT datasets and the analysis.
